The growing problem of antibiotic resistance among bacterial pathogens and the escalating difficulty in finding new antibiotics drive the search for new approaches to antibacterial chemotherapy. One such approach is the development of antibiotic potentiators that can enhance antibiotic efficiency when the antibiotics and the potentiators are used in combination, as well as reduce the chances of the emergence of antibiotic resistance.
Currently, potentiators are available for only one type of antibiotics, ␤-lactams. The ␤-lactamase inhibitors currently used in clinics, clavulanate, sulbactam, and tazobactam, have dramatically enhanced the efficacies of important ␤-lactam antibiotics (6) . Other potentiators are being developed, for example, those that target the multidrug resistance efflux pumps (14) . However, to date, there are no such potentiators in clinical use.
A number of nonessential bacterial proteins may potentially contribute to the intrinsic antibiotic resistance. The susceptibilities of bacteria to antibiotics depend on many factors, including the structure and the composition of the cell envelope, the presence of inactivating enzymes, and the availability of efflux pumps. The corresponding genes may be present in the genome either because they were selected in the course of evolution to help the organism tolerate antibiotics that it may encounter in the environment or because the encoded enzymes, which have specialized cellular functions, may fortuitously contribute to antibiotic resistance. Conceivably, inactivation of such enzymes by inhibitors may increase the potencies of the antibiotics currently in medical use.
In the present study, we used a genetic approach to identify the putative targets of such antibiotic potentiators. We generated a random transposon gene-knockout library of Acinetobacter baylyi, a close relative of the opportunistic pathogen Acinetobacter baumannii, and selected mutants for the inability to grow at a subinhibitory antibiotic concentration. To identify the A. baylyi genes contributing to the intrinsic resistance to antibiotics, 10,000 bacterial clones carrying random transposon insertions were replica plated in the presence of subinhibitory concentrations of 12 different antibiotics. This otherwise laborious task was facilitated by the use of a microarray-printing robot to "print" the clones for replica plating. Hypersusceptible mutants were identified, and the genes whose disruption increases cell susceptibility to antibiotics were determined by direct genomic DNA sequencing. If a disruption of a certain gene leads to antibiotic hypersusceptibility, inhibition of the encoded protein product is likely to have the same effect. Therefore, an inhibitor can potentially be designed that, when used in combination with the corresponding antibiotic, will enhance its efficacy. and ciprofloxacin was from Bayer. All enzymes except DpnI were from Fermentas; DpnI was from Promega.
Determination of MICs. Logarithmically growing cells were diluted in LB medium to an optical density at 600 nm of 0.002, and 100 l was placed in the wells of 96-well plates. Antibiotics were added in twofold dilutions, and the bacteria were grown overnight. The MIC was determined as the lowest antibiotic concentration at which no visible growth occurred.
Construction of the transposome insertion library. A transposome ⍀ cassette (22) was used to create a random transposon insertion library of A. baylyi, as described previously (11) . About 30,000 colonies were obtained on spectinomycin-streptomycin agar plates. A total of 10,000 colonies were picked, individually inoculated into 96-well plates, grown overnight, and stored at Ϫ80°C with 15% glycerol.
Selection of hypersusceptible clones of A. baylyi. Cells were inoculated into 100 l of LB medium in 96-well plates and grown overnight. Cultures were diluted 10-fold into fresh LB medium and grown for 4 h with shaking at 700 rpm by using a Brinkmann TiterMix100 microtiter plate shaker. The cells were then diluted 20-fold in 50 l LB broth supplemented with 20% sucrose to prevent drying of the bacterial culture spots during printing. Submicroliter volumes of the cultures were then spotted (in duplicate) on the surfaces of 13 nylon membranes (GE Osmonics) (768 spots per 25-mm by 75-mm membrane with a printing area of 20 mm by 60 mm and a 1-mm distance between spots). Spotting was done by using a LabNext DNA microarray printer. Four pins of the microarray printer, each 0.2 mm in diameter, were dipped into the bacterial cultures; and extra fluid was removed by prespotting onto the first nylon membrane. Replicas of 384 clones were then printed in duplicate on 13 nylon membranes. Printer pins were sterilized by two rounds of dipping into 40% ethanol, followed by air drying. When the printing job was complete, one membrane (a control) was layered on top of an agar plate without antibiotic; the rest of the membranes were placed atop agar plates containing subinhibitory concentrations (1/10 the wild-type MIC) of one of the antibiotics: azithromycin, ceftazidime, chloramphenicol, ciprofloxacin, gentamicin, imipenem, metronidazole, piperacillin, rifampin, or tetracycline. The membranes were also placed on LB agar plates containing ampicillin (3 g/ml) or vancomycin (10 g/ml). After 16 to 18 h of incubation at 37°C, the colonies on the filters were analyzed, and clones that grew on the control plate but failed to grow on plates containing antibiotics at subinhibitory concentrations were identified. For such clones, the MICs of the antibiotics were then determined in liquid cultures.
In order to determine the site of the transposon insertion in antibiotic-hypersusceptible clones, genomic DNA was isolated from 3-ml overnight cultures by using a genomic DNA isolation kit (Sigma). Sequencing of the genomic DNA segment adjacent to the site of the transposon insertion was performed by using an outwards-directed transposon-specific primer (5Ј AGAGTCGACCTGCAG GCATGC) and the Promega fmol DNA cycle sequencing system. The disrupted gene was identified by using the genome sequence of A. baylyi strain ADP1 (NCBI accession number CR543861) (2) .
To validate the causative relation between the transposon insertion and the hypersusceptible phenotype, total DNA was prepared from the hypersusceptible mutants that were identified and was used to directly transform logarithmically growing wild-type A. baylyi (20) . Transformants were selected on a spectinomycin-streptomycin agar plate. Individual colonies were picked, the location of the transposon insertion was verified by PCR, and the antibiotic MICs were determined.
Targeted inactivation of A. baylyi genes. Selected A. baylyi genes were disrupted by using the method of chromosomal gene replacement (17) . A PCR product containing a kanamycin resistance marker, Tn903, which was amplified from the KAN-2 transposon (Epicenter), flanked by the 600-bp-long upstream and downstream regions of the gene of interest was prepared by consecutive rounds of PCR. First, the kanamycin resistance marker and 300-to 500-bp-long regions flanking the gene of interest were amplified by PCR. During PCR, the NotI and SdaI restriction sites were introduced at the appropriate ends of the upstream and downstream gene-flanking regions of the PCR-amplified kanamycin resistance gene. The PCR products were cut with the restriction enzymes NotI and SdaI, ligated together, treated with DpnI, and then used as the template for the second round of PCR with primers specific to the distal ends of the gene-flanking regions. The PCR products were purified by using a Wizard SV Gel and PCR cleanup system (Promega). In some cases, the second round of PCR produced several bands. In this case, the correct product was extracted from the gel and purified by using a QIAquick gel extraction kit (QIAGEN) or a Wizard SV Gel and PCR cleanup system (Promega). The resulting PCR product was used to transform exponentially growing A. baylyi cells, and transformants were selected on LB medium-KAN plates. The disruption of the appropriate gene in the selected transformants was verified by PCR. The MICs for the generated mutants were determined and compared with the MICs for the original transposon-disrupted clone and wild type.
Identification of E. coli genes homologous to A. baylyi genes. Eleven A. baylyi genes were used as queries in a BLAST search of the E. coli MG1655 genome (NCBI accession number U00096) (4). The top hits were then used as queries in a BLAST search of the A. baylyi ADP1 genome (NCBI accession number CR543861) (2). The antibiotic MICs for E. coli strains from the Keio collection (1a) were determined as described above for A. baylyi. The MICs of E. coli wild-type strain BW25113 were as follows: ampicillin, 100 g/ml; azithromycin, 12.5 g/ml; ceftazidime, 0.3 g/ml; chloramphenicol, 8 g/ml; ciprofloxacin, 0.06 g/ml; gentamicin, 10 g/ml; imipenem, 1.3 g/ml; metronidazole, 4,000 g/ml; piperacillin, 2.5 g/ml; rifampin, 1 g/ml; tetracycline, 4 g/ml; and vancomycin, 325 g/ml.
RESULTS
Selection and validation of antibiotic-hypersusceptible mutants of A. baylyi. Previously we described an approach that allows the selection of antibiotic-hypersusceptible geneknockout mutants of A. baylyi (11) , based on the release of DNA from the cells lysed in the presence of subinhibitory concentrations of antibiotics. Although this method identified several genes of interest, its intrinsic limitations left open the possibility that many interesting mutations have not been detected. A more straightforward approach for identification of the genes contributing to the intrinsic resistance of bacteria to antibiotics is the selection of hypersusceptible mutants in a gene-knockout library by direct replica plating of individual mutants on plates containing subinhibitory antibiotic concentrations. In order to accomplish this inherently laborious task, especially when thousands of mutants are to be screened against a number of antibiotics, we applied a variant of the clone microarray printing technique (26) . This technique allowed the replication of arrays of clones of the A. baylyi ADP1 transposon library for the simultaneous screening for mutants susceptible to low concentrations of various antibiotics (11) . The drugs that were used in our screen included the cell wall synthesis inhibitors ampicillin, imipenem, piperacillin, ceftazidime, and vancomycin; the protein synthesis inhibitors azithromycin, chloramphenicol, gentamicin, and tetracycline; the transcription inhibitor rifampin; and the DNA synthesis inhibitor metronidazole.
After the initial screening of 10,000 clones, we identified 29 clones that exhibited diminished or no growth on plates with low concentrations (1/10 the MICs) of ampicillin, ceftazidime, piperacillin, vancomycin, ciprofloxacin, imipenem, rifampin, and metronidazole. These clones showed at least an eightfold reduction in MICs for at least one antibiotic compared to that for the wild type. (We were unable to find mutants with MIC reductions of eightfold or greater for the translation inhibitors azithromycin, chloramphenicol, gentamicin, and tetracycline). Sequencing of the regions flanking the transposon insertions, performed directly with the genomic DNA prepared from these clones, revealed the identities of the disrupted genes. Independent transpositions were found in 22 distinct genes, with some clones having disruptions within the same gene.
Since A. baylyi has a very high natural competence for transformation and recombination (2), we were able to easily transfer transposon-mediated gene disruptions into the fresh wild-type bacteria to verify whether the hypersusceptibility phenotype was the direct result of the disruption of the iden- (Table 1) . We further constructed 11 strains in which these genes were completely deleted and replaced by a kanamycin resistance marker (see Materials and Methods). MIC determination for the deletion mutants showed levels of antibiotic hypersusceptibility similar to those obtained with the transposon disruption mutants. In order to exclude possible polar effects of chromosomal gene replacement, we performed deletions of the genes located immediately downstream from several of the identified genes (Fig. 1) . We used the gene replacement technique in an attempt to inactivate the genes ACIAD0042, dsbB, ACIAD2946, ACIAD3665, ACIAD0064, and ACIAD0282, located downstream from gph, gshA, oprM, mpl, ampD, and argH, respectively (the genes recD, pbpG, and ACIAD0795 had no downstream protein genes belonging to the same operon). While we were not able to obtain the knockout mutants for ACIAD0064 and ACIAD0282, the A. baylyi mutants lacking ACIAD0042, dsbB, ACIAD2946, and ACIAD3665 showed no changes in susceptibility compared to that of the wild type. This result indicated that the hypersusceptibilities of the initial mutants were likely the direct result of the disruption of the corresponding genes rather than a polar effect of the transposon insertion. Altogether, these experiments led us to conclude that inactivation of the 11 genes identified in A. baylyi ADP1 (acrB, oprM, ampD, mpl, pbpG, argH, hisF, gph, ACIAD0795, gshA, and recD) led to the antibiotic hypersusceptibility phenotypes. Effects of gene disruptions in E. coli on antibiotic sensitivity. In order to test whether the intrinsic resistance genes discovered in A. baylyi play similar roles in other gram-negative bacteria, we investigated the antibiotic sensitivities of E. coli strains in which the homologs of these genes were deleted. The E. coli homologs of the A. baylyi genes were identified by a reciprocal BLAST search (24) . First, the highest-scoring E. coli homolog was identified for each of the 11 A. baylyi intrinsic resistance genes. Then, each of the highest-scoring E. coli genes was used as a query in the BLAST search of the A. baylyi genome. For 10 of the 11 genes (with the exception of ACIAD0795), the reciprocal BLAST search consistently revealed the homologous genes in A. baylyi and E. coli. The similarity scores for the homologous genes were 46% or higher for the aligned sections of the E. coli and A. baylyi proteins ( Table 2) . Of these 10 genes, all but 1 (oprM) showed the highest similarity to the expected functional homologs in the E. coli genome. E. coli lacks a homolog of the oprM gene (which encodes a component of the tripartite efflux pump in Pseudomonas aeruginosa and several other bacteria) (13) . The putative E. coli functional equivalent of oprM is tolC, which encodes a component of the acrAB-tolC tripartite efflux pump whose inactivation is known to lead to antibiotic hypersusceptibility (reviewed in reference 12). However, E. coli tolC shows only limited similarity to A. baylyi oprM. The E. coli gene showing the highest degree of similarity (55%) to the A. baylyi oprM gene was cusC, which encodes an outer membrane component of the copper efflux system (7). Therefore, E. coli cusC was targeted for disruption. Of the 11 genes whose disruption makes A. baylyi hypersensitive to antibiotics, only 1, ACIAD0795, did not have a clear homolog in E. coli. A 48-amino-acid segment of this putative 167-amino-acid A. baylyi protein showed homology to the conserved domains of the YbiS and ErfK proteins of E. coli, whose functions are unknown but which may be related to the outer membrane porins and the stress response, respectively (3, 5) . However, the reciprocal BLAST search with either YbiS or ErfK against the A. baylyi genome showed that these proteins have the highest homology to another A. baylyi gene, ACIAD2475. Nevertheless, we did investigate the effects of ybiS and erfK deletions on the sensitivity of E. coli to antibiotics.
The E. coli deletion mutants (acrB, cusC, mpl, ampD, pbpG, argH, hisF, gph, gshA, recD, ybiS, and erfK) from the Keio collection (1a), which is composed of E. coli clones in which all nonessential gene are replaced by a kanamycin on February 21, 2013 by PENN STATE UNIV http://aac.asm.org/ resistance marker, were used for antibiotic sensitivity testing. The disruption of the acrB gene in E. coli rendered the cells hypersusceptible to several antibiotics: ampicillin (MICs, 12.5 g/ml versus 100 g/ml for the wild type), piperacillin (MICs, 0.1 g/ml versus 2.5 g/ml for the wild type), chloramphenicol (MICs, 1 g/ml versus 8 g/ml for the wild type), and azithromycin (MICs, 0.8 g/ml versus 12.5 g/ml for the wild type). Surprisingly however, no significant changes in the MICs for any of the other strains tested were observed, indicating that the newly identified potentiator targets may be specific to A. baylyi.
DISCUSSION
Our goal in this work was to develop a strategy for identifying new targets for antibiotic potentiators. Using a straightforward replica-plating approach, we succeeded in identifying genes whose disruption renders A. baylyi hypersusceptible to several clinical antibiotics. The corresponding gene products could be considered putative targets for antibiotic potentiators. In these studies, we used A. baylyi ADP1 as a model organism. The very high degree of competence of A. baylyi greatly facilitates the transfer of the identified transposon insertion muta- In general, however, our approach can be applied to any microorganism for which a gene-knockout library is available. The task of identifying the intrinsic antibiotic resistance genes was significantly aided by the use of a DNA microarray printer, which allowed the fast and easy replica plating of 10,000 individual strains on plates with 12 different antibiotics.
Eleven genes in A. baylyi whose disruption leads to antibiotic hypersusceptibility were identified. Among these genes was the homolog of acrB, which encodes a component of the multidrug resistance pump in E. coli (19) . Disruption of such pumps in other bacteria is known to confer multidrug resistance (12) . Some of the previous studies also indicated that mutations in the rec genes may increase cell sensitivity to quinolones (18, 25) . This result validated our approach and demonstrated that the colony-printing technique can be used effectively to detect mutants hypersusceptible to antibiotics. To the best of our knowledge, the other genes that we identified were not previously described as direct contributors to the intrinsic antibiotic resistance and thus were not previously considered targets for putative antibiotic potentiators.
Several of the genes identified provide intrinsic resistance to one or more ␤-lactam antibiotics (Table 1) . In three cases, ampD, mpl, and pbpG, this conclusion is in generally good agreement with the known functions of the corresponding gene products, since they are involved in biosynthesis or recycling of peptidoglycan and thus belong to the same biochemical pathway that is targeted by ␤-lactam antibiotics. AmpD is involved in the breakdown of the anhydromuropeptides produced upon degradation of old peptidoglycan (9, 10) , whereas Mpl links the tripeptide L-alanyl-␥-D-glutamyl-meso-diaminopimelate, released by AmpD, to one of the main precursors of peptidoglycan synthesis, UDP-N-acetylmuramate (16) . Gene pbpG encodes two low-molecular-weight penicillin-binding proteins (PBPs), PBPs 7 and 8, in E. coli, which play a role in the remodeling of peptidoglycan (8, 23) . However, beyond the general observation that the protein products identified are involved in the biochemical pathway affected by the antibiotic, it is hard to explain why disruptions of these particular genes and not of multiple others involved in the same pathway render cells hypersusceptible to the drugs. This uncertainty underscores the importance of experimental approaches, similar to the one described in this paper, for identification of putative targets for antibiotic potentiators.
Four other genes, argH, hisF, gph, and ACIAD0795, whose knockout increases the susceptibility of A. baylyi to ␤-lactam antibiotics, encode proteins with functions seemingly unrelated to the biosynthesis of the bacterial cell wall. ArgH and HisF are involved in the biosynthesis of arginine and histidine, respectively, while gph encodes the housekeeping enzyme 2-phosphoglycolate phosphatase, which is induced during oxidative stress (21) . The presumed function of Gph is to metabolize the 2-phosphoglycolate produced in the repair of DNA lesions (21) . A hypothetical 167-amino-acid protein is encoded by an A. baylyi gene, ACIAD0795, that contains a domain that exhibits similarity to the conserved domain of the erfK family of proteins in E. coli, whose function is obscure. At the moment, it is unclear why disruption of any of these four genes in A. baylyi causes hypersusceptibility to ␤-lactam antibiotics.
Finally, genetic knockouts of gshA and recD increased the sensitivity of A. baylyi to metronidazole and ciprofloxacin, respectively. Metronidazole is a prodrug which, upon activation, forms highly active radical species that cause DNA damage (15) . Therefore, it makes sense that the disruption of gshA, the gene whose product is involved in the biosynthesis of the reducing agent glutathione, increased the sensitivity of A. baylyi to metronidazole. Similarly, it is not surprising that the genetic knockout of recD, a component of the recBCD complex that plays a major role in DNA repair and recombination (1), increases bacterial sensitivity to the DNA-damaging drug ciprofloxacin. Nevertheless, as mentioned earlier, without the experimental data obtained in this study, it would be difficult to "handpick" these particular genes as targets for antibiotics potentiators.
Although in our experiments a number of genes were found to contribute to the intrinsic antibiotic resistance of A. baylyi, we cannot accurately estimate how exhaustive our screening was and whether we identified all or even the majority of the A. baylyi intrinsic resistance genes. On the one hand, our screen revealed five independent insertions into recD. This result may indicate that either mutagenesis was close to saturation or that recD represents a transposon insertion hot spot. On the other hand, the random nature of colony picking and the testing of a fairly limited number of clones (which was of the same order as the number of genes in A. baylyi) could have left some mutants with the hypersusceptible phenotype untested.
One of the unexpected findings of this work was that disruption of many genes which contribute to the intrinsic resistance of A. baylyi to antibiotics had very little or no effect on the susceptibility of E. coli to these drugs. Although this result might be viewed as discouraging for the development of broadrange antibiotic potentiators, it opens the possibility of expansion of the spectrum of available drugs to specific classes of pathogens as well as the development of narrow-spectrum potentiators fine-tuned to combat particular infections.
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